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(54) Mri apparatus 

(57) An MRI apparatus, which is intended to pro- 
duce a diffusion-weighted image in a short scan time 
without being affected by a slight motion of the subject, 
applies an excitation RF pulse R90 and a slice-select 
pulse S1, next applies an MPG pulse MPG1, next 
applies an inverted RF pulse R180 and a slice-select 
pulse S2, and next applies an MPG pulse MPG2. Sub- 
sequently, the apparatus applies a read pulse RDx to 
one read axis (x-direction) and a read pulse RDy to 
another read axis (y-direction) so that the vector-com- 
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posed read gradient has a direction of angle 8 i of a vir- 
tual radial line on the slice plane, and collects data for 
imaging from echoes e. The apparatus implements 
once or repeats the series of pulse application and data 
collection while inverting the polarity of the read pulses 
RDx and RDy and varying the areas of the read pulses 
RDx and RDy thereby to vary the angle 8 i so that the 
echoes e settle, thereby collecting data necessary for 
image reconstruction. 
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Description 

[0001] The present invention relates to an MR! 
(Magnetic Resonance Imaging) apparatus, and more 
particularly to an MRI apparatus which is capable of 5 
producing a diffusion-weighted image of a subject in a 
short scan time without being affected by a slight motion 
of the subject. 

[0002] Fig.5 is an explanatory diagram of the diffu- 
sion-weighted EPI (Echo Planar Imaging) pulse w 
sequence, with two-dimensional navigation echoes 
being added thereto, which is disclosed in "Diffusion- 
Weighted Interleaved Echo-Planar Imaging with a Pair 
of Orthogonal Navigator Echoes", Kim Butts et al, MRM 
35:763-770 (1996). 15 
[0003] In this diffusion-weighted EPI pulse 
sequence A', an excitation RF pulse R90 and a slice- 
select pulse S1 are applied, an MPG (Motion Probing 
Gradient) pulse MPG1 is applied next, an inverted RF 
pulse R1 80 and a slice-select pulse S2 are applied next, 20 
and an MPG pulse MPG2 is applied next. Subsequently, 
in the presence of application of a phase-encoded pulse 
PE to the phase-encoding axis and the absence of 
application of a read pulse to the read axis, data for the 
correction of y-direction is collected from the navigation 25 
echo y. Subsequently, in the presence of application of 
a phase-encoded pulse PE to the phase-encoding axis 
and application of a read pulse RD' to the read axis, 
data for the correction of x-direction is collected from the 
navigation echo x. Subsequently, in the presence of 30 
application of a phase-encoded pulse PE to the phase- 
encoding axis and the inverted version of the read pulse 
RD 1 , data for imaging is collected from echoes e\ This 
series of pulse application and data collection is 
repeated. 35 
[0004] The above-mentioned diffusion-weighted 
EPI pulse sequence A 1 is repeated a number of times 
thereby to collect data necessary for image reconstruc- 
tion based on the number of times of excitation. 
[0005] Subsequently, the phase shift among the 40 
imaging data which have been collected by the number 
of times of the diffusion -weighted EPI pulse sequence 
A' is corrected by use of the navigation echoes y and x. 
[0006] A diffusion-weighted image is produced from 
the corrected data based on the two-dimensional Fou- 45 
rier scheme. 

[0007] There is disclosed a diffusion-weighted 
imaging method using the radial scanning method in 
"Analysis and Comparison of Motion-Correction Tech- 
nique in Diffusion-Weighted Imaging", Theodore P. 50 
Trouard et al., JMRI 6:925-939 (1996). 
[0008] This diffusion-weighted imaging method 
based on the radial scanning method repeats a pulse 
sequence, in which a gradient pulse is applied so that 
the gradient magnetic field has a direction of e i and 55 
data is collected, while varying the 8 i, thereby collecting 
data necessary for image reconstruction based on the 
number of times of excitation. 



[0009] A diffusion-weighted image is produced from 
the data based on the projection reconstruction 
scheme. 

[0010] The foregoing prior art diffusion -weighted 
EPI pulse sequence A', with two-dimensional navigation 
echoes being added thereto, uses the navigation ech- 
oes y and x to correct the phase shift caused by a slight 
motion of the subject in the y and x directions. However, 
it has no ability to cope with a phase shift caused by a 
slight motion of the subject in the z direction, and there 
arises actually a problem of the influence of a slight 
motion of the subject appearing in the image. 
[0011] In contrast, the foregoing prior art diffusion- 
weighted imaging method using the radial scanning 
method is advantageous in that it is not affected by the 
phase shift caused by a slight motion of the subject 
owing to the use of only frequency encoding. However, 
it involves a problem of a long scan time for the collec- 
tion of data necessary for image reconstruction based 
on a number of times (64 or more) of excitation. 
[0012] Accordingly, the present invention seeks to 
provide an MRI apparatus which is capable of produc- 
ing a diffusion-weighted image of a subject in a short 
scan time without being affected by a slight motion of 
the subject. 

[0013] At a first viewpoint, the present invention 
provides an MRI apparatus which comprises an RF 
pulse transmission means, a gradient pulse application 
means, an NMR signal reception means, and a 
processing means which operates on these means to 
collect data and reconstruct an image, the processing 
means basing the operation on a fast pulse sequence 
which is a fast pulse sequence of the projection restora- 
tion scheme, with MPG pulses being incorporated 
therein, thereby collecting data necessary for image 
reconstruction based on the single excitation or the rep- 
etition of the fast pulse sequence a number of times 
thereby to collect data necessary for image reconstruc- 
tion based on the number of times of excitation. 
[0014] The term "fast pulse sequence" mentioned 
above signifies a pulse sequence by which data is col- 
lected from multiple echoes based on the single excita- 
tion. 

[0015] The MRI apparatus of the first viewpoint, 
which is based on the projection restoration scheme 
using only frequency encoding, is not affected by the 
phase shift caused by a slight motion of the subject. It 
uses a fast pulse sequence for collecting data from mul- 
tiple echoes based on the single excitation, and there- 
fore the scan time can be reduced. Based on the fast 
pulse sequence which incorporates MPG pulses, a dif- 
fusion-weighted image can be obtained. In conse- 
quence, it becomes possible to obtain a diffusion- 
weighted image in a short scan time without being 
affected by a slight motion of the subject. 
[0016] In the case of collecting data necessary for 
image reconstruction based on the single excitation, the 
scan time can be minimized. 
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[0017] On the other hand, in the case of collecting 
data necessary for image reconstruction based on a 
number of times of excitation, only echoes having large 
signal levels are used (It is unnecessary to use echoes 
of small signal levels), and therefore the s/n characterise 5 
tics can be improved. The number in the term "a number 
of times" mentioned here is equal to a number of pieces 
of data necessary for image reconstruction divided by a 
number of pieces of data obtained by one excitation 
(i.e., number of echoes used). 

[0018] At a second viewpoint, the present invention 
provides an MRI apparatus which comprises an RF 
pulse transmission means, a gradient pulse application 
means, an NMR signal reception means, and a 
processing means which operates on these means to 
collect data and reconstruct an image, the processing 
means basing the operation on a fast pulse sequence, 
in which an excitation RF pulse and a slice-select pulse 
are applied, an MPG pulse is applied next, an inverted 
RF pulse and a slice-select pulse are applied next, an 
MPG pulse is applied next, and a read pulse is applied 
next to collect data so that the read gradient has a direc- 
tion of angle 6 i of a virtual radial line on the slice plane, 
with this series of pulse application and data collection 
being repeated while reversing the polarity of the read 
pulse and varying the angle 6 i, thereby collecting data 
necessary for image reconstruction based on the single 
excitation or the repetition of the fast pulse sequence a 
number of times thereby to collect data necessary for 
image reconstruction based on the number of times of 
excitation. 

[0019] The MRI apparatus of the second viewpoint 
uses a fast pulse sequence for collecting data by appli- 
cation of a read pulse so that the read pulse has a direc- 
tion of angle 0 i, and repeats the pulse sequence while 
varying the angle 6 i. This fast pulse sequence is a fast 
pulse sequence based on the projection restoration 
scheme which uses only frequency encoding, and 
therefore it is not affected by the phase shift caused by 
a slight motion of the subject and it can reduce the scan 
time. Based on the fast pulse sequence which incorpo- 
rates MPG pulses before and after the inverted RF 
pulse, a diffusion-weighted image can be obtained. In 
consequence, it becomes possible to obtain a diffusion- 
weighted image in a short scan time without being 
affected by a slight motion of the subject. 
[0020] At other viewpoint, the present invention pro- 
vides a method of diffusion -weighted imaging based on 
a fast pulse sequence, with MPG pulses being incorpo- 
rated therein, the method collecting data necessary for 
image reconstruction based on the single excitation or 
the repetition of the fast pulse sequence a number of 
times thereby to collect data necessary for image recon- 
struction based on the number of times of excitation. 
[0021] The present invention also provides a 
method of diffusion-weighted imaging, in which an exci- 
tation RF pulse and a slice-select pulse are applied, an 
MPG pulse is applied next, an inverted RF pulse and a 



slice-select pulse are applied next, an MPG pulse is 
applied next, and a read pulse is applied next to collect 
data so that the read gradient has a direction of angle 6 
i of a virtual radial line on the slice plane, with this series 
of pulse application and data collection being repeated 
while reversing the polarity of the read pulse and vary- 
ing the angle 6 i, thereby collecting data necessary for 
image reconstruction based on the single excitation or 
the repetition of the fast pulse sequence a number of 
times thereby to collect data necessary for image recon- 
struction based on the number of times of excitation. 
[0022] The MRI apparatus of this invention, which is 
based on the projection restoration scheme using only 
frequency encoding is not affected by the phase shift 
caused by a slight motion of the subject. It uses a fast 
pulse sequence and accordingly can reduce the scan 
time. Based on the fast pulse sequence which incorpo- 
rates MPG pulses, a diffusion-weighted image can be 
obtained. In consequence, it becomes possible to 
obtain a diffusion-weighted image in a short scan time 
without being affected by a slight motion of the subject 
[0023] The invention will now be described in 
greater detail, by way of example, with reference to the 
drawings, in which:- 

Fig.1 is a block diagram showing the MRI apparatus 

based on an embodiment of this invention; 

Fig.2 is a flowchart showing the diffusion-weighted 

imaging process based on this invention; 

Fig.3 is a timing chart showing an example of the 

diffusion-weighted radial EPl pulse sequence 

based on this invention; 

Fig.4 is an explanatory diagram of the locus of data 
collection for imaging in the k-space based on the 
diffusion-weighted radial EPl pulse sequence 
shown in Fig.3; and 

Fig.5 is a timing chart showing an example of the 
conventional diffusion -weighted radial EPl pulse 
sequence. 

[0024] An embodiment of the present invention will 
be explained in more detail with reference to the draw- 
ings. 

[0025] Fig. 1 shows by block diagram the MRI appa- 
ratus based on an embodiment of this invention. 
[0026] In this MRI apparatus 1 00, a magnet assem- 
bly 1 has a room section (bore) in which a subject of 
inspection is placed. Disposed around the room section 
are a permanent magnet 1p, a gradient magnetic field 
coil 1g, a transmission coil 1t which produces an RF 
pulse for inducing the spin of atomic nucleus in the sub- 
ject, and a reception coil 1r which detects the NMR sig- 
nal from the subject. The gradient magnetic field coil 1g, 
transmission coil 1t and reception coil 1r are connected 
to a gradient magnetic field drive circuit 3, RF power 
amplifier 4 and pre-amplifier 5, respectively. 
[0027] The permanent magnet 1p may be replaced 
with a magnet of the superconduction type or ordinary 
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conduction type. 

[0028] A sequence memory circuit 8, which oper- 
ates in accordance with the commands from a computer 
7 and based on the stored pulse sequence, operates on 
the gradient magnetic field drive circuit 3 so that the gra- 5 
dient magnetic field coil 1g of the magnet assembly 1 
generates a gradient pulse, operates on a gate modula- 
tion circuit 9 to modulate the carrier output signal of an 
RF oscillation circuit 1 0 into a pulse signal having a cer- 
tain timing and certain envelope, puts the resulting RF w 
pulse in the RF power amplifier 4, and applies the ampli- 
fied RF pulse to the transmission coil 1t of the magnet 
assembly 1 so that a selected slice region is excited. 
[0029] The pre-amplifier 5 amplifies the NMR signal 
from the subject detected by the reception coil 1 r of the 15 
magnet assembly 1 and puts the amplified signal in a 
phase detector 12. The phase detector 12 implements 
the phase detection for the NMR signal from the pre- 
amplifier 5 based on the carrier output signal of the RF 
oscillation circuit 10 and puts the resulting signal in an 20 
A/D converter 11. The A/D converter 11 converts the 
analog phase-detected signal into a digital data and 
puts the data in the computer 7. 

[0030] The computer 7 which receives the data 
from the A/D converter 1 1 implements the calculation of 25 
image reconstruction to produce an image. The result- 
ing image is displayed on a display unit 6. 
[0031] The computer 7 also implements general 
control including the entry of information from an opera- 
tion console 13. 30 
[0032] Fig.2 shows by flowchart the diffusion- 
weighted imaging process performed by the MRI appa- 
ratus 100. 

[0033] Step U1 collects data for imaging based on 
the diffusion-weighted radial EPI pulse sequence. 35 
[0034] Fig.3 shows the diffusion -weighted radial 
EPI pulse sequence. The diffusion-weighted radial EPI 
pulse sequence A applies an excitation RF pulse R90 
and a slice-select pulse S1 , next applies an MPG pulse 
MPG1, next applies an inverted RF pulse R180 and a 40 
slice-select pulse S2, and next applies an MPG pulse 
MPG2. Subsequently, the pulse sequence applies a 
read pulse RDx to one read axis (x-direction) and a read 
pulse RDy to another read axis (y-direction) so that the 
vector-composed read gradient has a direction of angle 45 
e i (i takes 1 through 20 in Fig.3) of a virtual radial line 
on the slice plane, and collects data for imaging from 
echoes e. This pulse sequence A is repeated while 
inverting the polarity of the read pulses RDx and RDy 
and varying the areas of the read pulses RDx and RDy 50 
thereby to vary the angle G i so that the echoes e settle. 
[0035] The diffusion -weighted radial EPI pulse 
sequence A is repeated a number of times to collect 
data necessary for image reconstruction based on the 
number of times of excitation. 55 
[0036] Fig.4 shows the locus in k-space KS of data 
collection for imaging based on the diffusion-weighted 
radial EPI pulse sequence A shown in Fig.3. In the fig- 



ure, each angle 8 i represents a direction of data collec- 
tion locus, which corresponds to the direction of vector- 
composed read gradient, and each arrow indicates the 
direction of data collection. 

[0037] The number (i) of angles is 20 expediently in 
Fig.4, and if 20 pieces of data (20 echoes) can be 
obtained by one excitation as shown in Fig.3, it is 
enough to implement the diffusion -weighted radial EPI 
pulse sequence A only once. 

[0038] Actually, however, at least 60 echoes are 
used to obtain an image having a quality of minimum 
requirement. Therefore, if 20 pieces of data is obtained 
by one excitation as shown in Fig.3, the diffusion- 
weighted radial EPI pulse sequence A must be 
repeated three times. Otherwise, if 60 pieces of data is 
obtained by one excitation, it is enough to implement the 
diffusion-weighted radial EPI pulse sequence A once. In 
this case, the scan time can be reduced as compared 
with the case of collecting data necessary for image 
reconstruction based on the number of times of excita- 
tion. However, echoes having small signal levels must 
be used, and therefore a high-quality image cannot be 
obtained due to degraded s/n characteristics. 
[0039] Returning to Fig.2, step U2 produces a diffu- 
sion-weighted image from the collected data based on 
the projection reconstruction scheme. Specifically, the 
collected data is rendered the first-degree Fourier trans- 
formation, rearrangement, and amplitude correction for 
T2* (attenuation time constant of lateral relaxation time 
T2), and the absolute values are summed (reconstruc- 
tion based on the back projection) to produce a diffu- 
sion-weighted image. 

[0040] Step U3 displays the produced diffusion- 
weighted image. 

[0041] The foregoing MRI apparatus 100 uses the 
diffusion-weighted radial EPI pulse sequence A which is 
a fast pulse sequence of the projection restoration 
scheme using only frequency encoding, and therefore it 
becomes possible to obtain a diffusion-weighted image 
in a short scan time without being affected by a slight 
motion of the subject. 

Claims 

1 . A method of diffusion-weighted imaging based on a 
fast pulse sequence, with MPG pulses being incor- 
porated therein, the method collecting data neces- 
sary for image reconstruction based on the single 
excitation or the repetition of the fast pulse 
sequence a number of times thereby to collect data 
necessary for image reconstruction based on the 
number of times of excitation. 

2. A method of diffusion-weighted imaging, in which 
an excitation RF pulse and a slice-select pulse are 
applied, an MPG pulse is applied next, an inverted 
RF pulse and a slice-select pulse are applied next, 
an MPG pulse is applied next, and a read pulse is 
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applied next to collect data so that the read gradient 
has a direction of angle G i of a virtual radial line on 
the slice plane, with this series of pulse application 
and data collection being repeated while reversing 
the polarity of the read pulse and varying the angle 5 
6 i, thereby collecting data necessary for image 
reconstruction based on the single excitation or the 
repetition of the fast pulse sequence a number of 
times thereby to collect data necessary for image 
reconstruction based on the number of times of 1 o 
excitation. 

3. An MRI apparatus comprising: an RF pulse trans- 
mission means, a gradient pulse application 
means, an NMR signal reception means, and a 15 
processing means which operates on these means 

to collect data and reconstruct an image, the 
processing means basing the operation on a fast 
pulse sequence which is a fast pulse sequence of 
the projection restoration scheme, with MPG pulses 20 
being incorporated therein, thereby collecting data 
necessary for image reconstruction based on the 
single excitation or the repetition of the fast pulse 
sequence a number of times thereby to collect data 
necessary for image reconstruction based on the 25 
number of times of excitation. 

4. An MRI apparatus comprising: an RF pulse trans- 
mission means, a gradient pulse application 
means, an NMR signal reception means, and a 30 
processing means which operates on these means 

to collect data and reconstruct an image, the 
processing means basing the operation on a fast 
pulse sequence, in which an excitation RF pulse 
and a slice-select pulse are applied, an MPG pulse 35 
is applied next, an inverted RF pulse and a slice- 
select pulse are applied next, an MPG pulse is 
applied next, and a read pulse is applied next to col- 
lect data so that the read gradient has a direction of 
angle 9 i of a virtual radial line on the slice plane, 40 
with this series of pulse application and data collec- 
tion being repeated while reversing the polarity of 
the read pulse and varying the angle 9 i, thereby 
collecting data necessary for image reconstruction 
based on the single excitation or the repetition of 45 
the fast pulse sequence a number of times thereby 
to collect data necessary for image reconstruction 
based on the number of times of excitation. 
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